To determine continuous EEG (cEEG) patterns that may be unique to anti-NMDA receptor (NMDAR) encephalitis in a series of adult patients with this disorder.
METHODS Standard protocol approvals, registrations, and patient consents. The institutional review boards of both the Hospital of the University of Pennsylvania and Columbia University Medical Center approved this retrospective study and waived the need for informed consent.
Patients. This case series includes 13 patients from the Hospital of the University of Pennsylvania and 10 from Columbia University Medical Center with either CSF or serum-confirmed NMDAR antibodies, who were hospitalized and underwent EEG monitoring between January 2005 and February 2011. Patients were identified using a clinical neurophysiology database of individuals older than 18 years. EEG data. We reviewed the EEG recordings and EEG reports of all patients. EEGs were evaluated for the presence or absence of electrographic seizures, diffuse slowing, focal slowing, rhythmic delta activity, excessive beta activity, and the extreme delta brush pattern. Rhythmic delta activity or periodic discharges that did not show clear evolution were not counted as electrographic seizures.
Patient data. Information regarding age, gender, length of hospitalization, presence or absence of teratomas, past medical history, immunosuppressant treatment, clinical seizures, antiepileptic drug use, sedative use, neuropsychiatric features of disease, autonomic instability, neuroimaging findings, CSF findings, type of discharge and modified Rankin Scale score at discharge was collected for all subjects.
Statistical analysis.
Fisher exact tests allowed comparisons of categorical variables between patients with and without the extreme delta brush pattern. The Mann-Whitney U test was performed for comparison of nonparametric continuous data.
RESULTS Patient characteristics.
Twenty-three patients with anti-NMDAR encephalitis underwent a median of 7 (range 1Ϫ123) days of cEEG monitoring. Indications for monitoring were seizures, altered mental status or both. The median age was 24 (range 18Ϫ55) years and 19 of 23 patients (83%) were female. All patients had a history of behavioral or personality changes before presentation and 14 (61%) were comatose with a Glasgow Coma Scale score Ͻ8 at admission. Clinical seizures before or during hospitalization occurred in 18 patients (78%), abnormal movements or dystonia in 19 patients (83%), and facial dyskinesias in 15 patients (65%). Hypoventilation was noted in 9 patients (39%). Eleven patients (48%) had unilateral or bilateral ovarian teratomas demonstrated by imaging or exploratory laparotomy. MRI T2/fluid-attenuated inversion recovery hyperintensities involving neocortex (occipital, frontal, temporal, and parietal), subcortical white matter, or mesial temporal lobes were identified in 16 patients; 7 patients (30%) had normal MRIs. CSF analysis was performed in 22 patients and was abnormal in 19. Median CSF white blood cell counts were 23 (range 0Ϫ243) per mm 3 and median CSF protein levels were 39.5 (range 15Ϫ93) mg/dL. Oligoclonal bands were not systematically examined. The median length of hospitalization was 44 (range 2-200) days. The mean modified Rankin Scale score at hospital discharge was 3.4 Ϯ 1.1. Four patients (17%) were discharged home, and the remaining patients were discharged to acute or subacute rehabilitation or skilled nursing facilities. EEG findings. The cEEG findings are shown in table 1. Two patients had normal cEEG with 1 and 3 days of monitoring. Diffuse slowing of the background was seen in 21 patients (91%) with severe diffuse slowing in 9 patients (39%). Eight patients (34%) had focal slowing in some of the recordings. Generalized rhythmic delta activity was seen in 11 patients (47.8%) and 12 patients (52.2%) had diffuse excess beta frequency activity, presumably related to benzodiazepine or barbiturate use. Fourteen patients (61%) had electrographic seizures during cEEG monitoring. Eight patients (34.8%) had nonconvulsive seizures, but no patients had exclusively nonconvulsive seizures.
Seven patients (30%) had a unique electrographic pattern characterized by rhythmic delta activity at Abbreviation: cEEG ϭ continuous EEG.
1Ϫ3 Hz with superimposed bursts of rhythmic 20 -30 Hz beta frequency activity "riding" on each delta wave (figures 1Ϫ3). We named this pattern extreme delta brush because of its resemblance to the delta brush EEG pattern seen in premature infants, also known as beta-delta complexes. 4 Typical neonatal delta brushes are a combination of delta frequency transients with superimposed 8Ϫ20 Hz fast activity, which are commonly symmetric but are not typically synchronous; they can be seen in any head region but are less common in the frontal regions. They are present in both the awake and sleep states and typically disappear by 1 month postterm. 4 In contrast, our EDB pattern typically appeared as a nearly continuous combination of delta activity with superimposed fast activity, usually in the beta range, which was most often symmetric and synchronous, typically seen broadly across all head regions. In all pa-tients studied, the delta brush pattern was present continuously from the earliest available EEG. It did not vary with sleep-wake cycles and did not vary significantly with stimulation or level of arousal. The pattern occurred independent of episodes of dystonia, choreoathetosis, and orofacial dyskinesias and therefore was not felt to represent a movementrelated artifact. One patient underwent neuromuscular paralysis and had no associated change in her EEG. This pattern was unlikely to be due to superimposed benzodiazepine-or barbiturate-induced beta activity because 2 patients demonstrated this pattern on the initial EEG before receiving benzodiazepines or barbiturates. Phenobarbital was used in only one patient with the EDB pattern, and, for that patient, the presence of the EDB pattern preceded the use of phenobarbital by almost 2 weeks. The presence of this pattern was not altered by administration of nonsedative antiepileptic medications. However, the use of pentobarbital in one patient led to a transient burst-suppression pattern. After pentobarbital was stopped, the EDB pattern resumed. We compared the clinical characteristics of patients with EDB and those without EDB to determine whether this pattern can provide additional clinical information (table 2). Patients with EDB had more protracted hospital courses, with a median of 126 (range 70Ϫ200) days in the hospital and 14 (5Ϫ123) days undergoing cEEG monitoring compared with to 36 (2Ϫ142) hospital days and 3.5 (1Ϫ20) cEEG days in patients without the pattern (Mann-Whitney twotailed U test, p ϭ 0.0008 and p ϭ 0.012, respectively). There was a trend toward worse outcomes at discharge in patients with EDB with a mean modified Rankin Scale score of 4.0 Ϯ 0.8 compared with 3.1 Ϯ 1.1 in patients without EDB ( p ϭ 0.089). In addition, patients without EDB were more likely to have an abnormal MRI than those with EDB (87.5% vs 28.6%, Fisher exact test, p ϭ 0.01). In contrast, rhythmic delta activity without a frank EDB pattern was seen in 4 patients (17%). Unlike the EDB pattern, this pattern was not associated with a statistically significant increased length of hospital stay, with a median hospital stay of 47.5 (range 34 -68) days in patients with rhythmic delta activity without EDB and a mean stay of 37.5 (range 7-142) days in patients without rhythmic delta or EDB (Mann-Whitney 2-tailed U-test, p ϭ 0.38). Excess beta activity was also a common finding in patients without EDB (5 patients [21.7%]) and was not associated with a longer length of stay (median 38 [range 13-142] days) with excess beta and no EDB vs 38 days without excess beta and no EDB, p ϭ 0.44).
DISCUSSION
In this series of 23 adult patients with anti-NMDAR encephalitis and cEEG monitoring, 30% had the EDB pattern early on cEEG. To our knowledge, this pattern has not been described in other neurologic conditions, suggesting that it may be unique for a subset of patients with this disorder. Patients with EDB were hospitalized and monitored with cEEG longer and demonstrated a trend toward a worse outcome. These findings suggest that the EDB pattern may be a marker of more severe disease and perhaps worse outcome. At least 2 patients with this pattern demonstrated gradual EEG improvement over the course of their hospitalization after aggressive immunotherapy. In both patients, resolution of EDB was associated with clinical improvement. In addition, patients with this pattern were more likely to have a normal MRI. Therefore, although patients with EDB were syndromically similar to those without EDB, the differences in disease severity and neuroimaging suggest that detection of EDB predicts a more aggressive phenotype.
The etiology of the EDB pattern remains unclear and certainly requires further investigation. Excess beta activity is commonly seen in patients receiving barbiturates and benzodiazepines, the latter of which were administered to 15 of our patients. However, for at least 2 patients, the EDB pattern was observed before the documented initial administration of either barbiturates or benzodiazepines, suggesting that beta activity occurred independently of these medications. In 2 other patients Continuous EEG recording in a 19-year-old man with anti-NMDA receptor encephalitis associated with dyskinesias, seizures, and coma
The initial EEG demonstrates generalized rhythmic delta frequency activity at 2-2.5 Hz with superimposed rhythmic beta frequency activity.
with EDB, the EDB pattern persisted for at least 2 weeks after benzodiazepines were stopped. Furthermore, the beta activity tended to occur in bursts synchronized with diffuse, frontally predominant rhythmic delta activity, which would not be explained by sedative use alone. The ictal vs interictal nature of this pattern is also unclear. None of our patients with EDB responded clinically or electrographically to trials of either benzodiazepines or other IV antiepileptic drugs. Although the pattern does not qualify as ictal by proposed definitions of nonconvulsive seizures, 5, 6 it may lie on the ictalinterictal continuum. 5 Modulation of NMDAR-mediated currents can alter rhythmic neuronal activity and lead to unique electrographic patterns. Ketamine, an NMDAR antagonist, can enhance gamma frequency oscillations and attenuate theta activity in mouse CA3 7 and in computational models of hippocampus. 8 In patients with anti-NMDAR encephalitis, antibodies reduce the levels of synaptic NMDAR and NMDARmediated currents, which could perhaps explain the electrographic pattern we saw in our patients with more severe disease who had increased delta activity with superimposed faster frequencies. 9 Owing to the retrospective nature of the current study, we could not appropriately address antibody titers because the antibody data were only available in a qualitative manner in most patients' charts, and the antibodies was not systematically determined by the time cEEG monitoring was performed (i.e., some patients were tested several weeks before or after the stage in which they had cEEG monitoring and before and after immunotherapy).
To our knowledge, this is the largest series of cEEG recordings in patients with anti-NMDAR encephalitis. An important practical implication is that detection of EDB may be a unique electrographic marker for a subset of patients with more severe disease. Although it is not yet known whether the EDB pattern is specific for anti-NMDAR encephalitis, its presence in the correct clinical context should raise a strong suspicion of the diagnosis. For example, in one of the patients included in this study, results of initial serum anti-NMDAR antibody testing at an outside hospital were negative; however, the presence of the EDB pattern on cEEG monitoring prompted Continuous EEG from the patient in figure 2, 7 months after initiation of aggressive immunotherapy, including rituximab, cyclophosphamide, IV methylprednisolone, and IV immunoglobulin
The extreme delta brush pattern has resolved, and background EEG activity has largely normalized.
repeated serum and CSF testing, results of which were positive. Since the completion of this series, one of the authors noted the pattern on a routine EEG performed on a 30-year-old woman who presented to the hospital with a 2-week course of agitation, personality changes, and low-grade fever. The EEG, performed on the third day of her hospitalization, demonstrated periods of generalized rhythmic delta activity intermixed with EDB. Based on the prior observations reported here, the patient underwent additional diagnostic testing including a pelvic ultrasound and then MRI, which revealed abnormal fat stranding in the right ovary. She was treated with a course of IV methylprednisolone followed by IV immunoglobulin and was scheduled for an exploratory laparotomy all before positive results for NMDAR antibodies came back from the laboratory. She was ultimately found to have a mature ovarian teratoma in her right ovary, which was removed. The rapid identification and resection of a teratoma, if present, may improve recovery times in anti-NMDAR encephalitis. 2 Because the return of antibody testing results from clinical laboratories may take weeks, the presence of EDB on an EEG, which can be obtained at the time of presentation, can potentially improve the speed of discovery of associated teratomas and reduce delays in diagnosis and treatment.
In the current study, the EDB pattern was identified in 30% of patients, but a prospective analysis of patients with systemic cEEG monitoring at different stages of the disease may reveal a higher incidence. We are aware of 3 case reports of patients with anti-NMDAR encephalitis and nonconvulsive seizures that included EEG tracings similar to the EDB pattern. 10 -12 One author 10 suggested that this pattern, which they termed "burst and slow complexes" was a novel manifestation of nonconvulsive status epilepticus. Further studies are needed to examine the frequency, specificity, and sensitivity of EDB in anti-NMDAR encephalitis and its implications for outcome and whether there is a relationship between this pattern and antibody titers in serum and CSF.
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